Mutants of Escherichia coli K-12 which grow on butyrate and valerate were studied with respect to uptake of these substrates. To utilize short-chain and medium-chain fatty acids, E. coli must synthesize the (-oxidation enzymes constitutively. In addition, growth on the C, and C5 acids requires a second mutation which permits entry of these substrates. At pH 5, both in the parent and mutant strains, butyrate and valerate penetrate as the undissociated acids but appear not to be activated and thus inhibit growth. At pH 7, the parent strain is not permeable to the anions, whereas the mutant concentrates these substrates. There appear to be two components of the uptake system, a nonspecific diffusion component and an energy-linked activating enzyme. Two mutant types which take up short-chain fatty acids are described. One synthesizes the uptake system constitutively and is inhibited by 4-pentenoate when cultured on acetate. In the other, the uptake system is inducible, and the strain is pentenoate-resistant when grown on acetate but pentenoate-sensitive when cultured on butyrate or valerate.
Escherichia coli K-12, constitutive for thfe enzymes of the glyoxylate bypass, grows by using long-chain (>C12 to C18) but not medium-chain (C6 to C,,) or short-chain (C4 and C3) fatty acids as the sole source of carbon. Mutants which utilize medium-and short-chain normal monocarboxylic acids were described in the accompanying publication (13) . Derepression of the (3-oxidation operon by long-chain fatty acids and the isolation of (3-oxidation-constitutive mutants were described previously for other K-12 strains (9, 16) .
In the strain employed here (13) , fatty acids having 12 or more carbons caused derepression of synthesis of the (3-oxidation enzymes. f3-oxidation-constitutive mutants grew using mediumbut not short-chain fatty acids as the sole source of carbon. Activation systems for long-and medium-chain but not short-chain fatty acids appear to be regulated coordinately with the A3-oxidation enzymes. Growth data suggest physiologically distinct activation systems for long-chain and medium-chain acids (13) . Overath et al. (9, 10) described an adenosine triphosphate (ATP)-dependent fatty acid acyl-coenzyme A (CoA) synthetase from E. coli K-12 which activates long-chain acids but is inactive with substrates less than C8. In a different K-12 strain, Samuel et al. (14, 15) demonstrated two synthetase ac-I Present address: Biological Sciences, Research Center, Shell Development Co., Modesto, Calif. 95352. tivities, one for long-chain acids and another ex- hibiting maximum activity with C,.
A second mutation is required forf,-oxidationconstitutive mutants to utilize butyrate and valerate (13) . Growth of short-chain fatty acid mutants (type N3) on acetate is inhibited by 4- pentenoate. It is proposed that this unsaturated C5 fatty acid is activated as the acyl-CoA ester but is not metabolized and hence causes depletion of free CoA SH. This growth inhibition can be relieved by addition of CoA precursors to the culture medium. 4-Pentenoate also has been shown to inhibit fatty acid oxidation in pigeon liver homogenates (4) . In the latter system, 4-pentenoyl-CoA, acrylyl-CoA, and the corresponding carnitine esters accumulate. 4-Pentenoate inhibition of fatty acid oxidation in these homogenates can be reversed both by CoA and (-) carnitine.
In contrast to N3, growth of the parent strain is not inhibited by 4-pentenoate. Pentenoate-resistant revertants of N3 (type N3PR) lose the ability to grow at the expense of short-chain but not medium-chain fatty acids. These data suggest that the mutation in N3 which permits growth on butyrate and valerate is one which regulates uptake of these acids. The present communication describes characteristics of the uptake system. strains employed and the commercial sources of the fatty acids and 1-14C-labeled substrates were described in the preceding report (13) . Cells were grown at 37 C in a mineral salts medium using fatty acids as the sole source of carbon as previously described (13) . For uptake studies, cells were grown at 37 C in mineral salts, containing the carbon source indicated, to the mid to late exponential phase, centrifuged at room temperature, washed with mineral salts (pH 7.0), and resuspended in same to a concentration of 20 mg of wet cells per ml. For preparation of shocked cells, cell suspensions were subjected to the cold osmotic shock precedure described by Neu and Heppel (8) . Lysozyme-treated cells and lysozyme-ethylenediaminetetraacetic acid (EDTA) spheroplasts were prepared in 0.5 M sucrose according to the procedure of Birdsell and Cota-Robles (2).
Uptake studies. Uptake of fatty acids was measured by incubating washed cell suspensions in the presence of 1-14C substrates for varying periods of time and then determining the amount of radioactivity taken up. Rates of uptake are expressed as nmoles of substrate taken up in I min per mg of wet cells. The incubation mixture contained, in a final volume of 0.5 ml, 2 mg of wet cells, 0.5 ,umole (0.5 gCi) of 1-14C fatty acid, and mineral salts. Unlabeled substrates and inhibitors were added to incubation mixture where indicated. Cells were preincubated at 37 C for 10 min with shaking in a gyratory water bath, and then the sodium salt of the 1-14C fatty acid was added. At appropriate intervals, 0.1-ml samples of the cell suspension were withdrawn and pipetted on to 0.45-Mgm Millipore filter discs. The filters were washed with 10 ml of ice-chilled buffer [0.15 M NaCl and 0.5 M MgCl, in 10 mm tris(hydroxymethyl)-aminomethane-hydrochloride, pH 7] and dried with a heat lamp. For determination of radioactivity, the filters were placed in 10 ml of scintillation fluid containing 6 g of 2, 5-diphenyloxazole and 300 mg of 1, 4, -bis-2-(5-phenyloxazolyl)benzene (Packard Instrument Co.) in 600 ml of toluene and 300 ml of absolute ethanol. The radioactivity was then counted in a Packard liquid scintillation spectrometer.
RESULTS
In the preceding publication (13), a-oxidationconstitutive mutants which grow using mediumand short-chain fatty acids as the sole source of carbon were described. The growth characteristics of these mutants are summarized in Table 1. Both N, and D1 synthesize the ,-oxidation enzymes constitutively and grow on medium-chain acids. Na but not D1 grows at the expense of short-chain acids, and, in the former, growth on acetate is inhibited by addition of 4-pentenoate to the medium, Pentenoate-resistant revertants (N3PR) derived from N, lose the ability to grow at the expense of short-chain but not mediumchain acids.
After Table 4 . In this study, cells were incubated in the presence of the unlabeled fatty acid indicated for I min and then pulsed for I min with the 14C substrate. As expected, the ad- than for the C4 substrate and is in accord with the relative affinities determined for these substrates.
The effect of related short-chain acids on butyrate uptake is shown in Fig. 1 indicate that entry of short-chain fatty acids is markedly influenced by the pH of the medium. For these studies, tryptone broth with or without addition of 4-pentenoate was buffered using Sorensen's phosphate over a pH range of 5 to 8 and sterilized by filtration. Growth rates of the parent and N8 mutant in the absence of pentenoate were similar over this range of pH. In the parent strain, growth on tryptone was inhibited by pentenoate at pH values of 6 and below, but growth was not altered by pentenoate at pH values of 6.5 and above. In contrast, 4-pentenoate inhibited growth of N, at all pH values tested. A similar pH-dependent inhibition pattern was exhibited by the parent when butyrate or valerate was substituted for pentenoate. This pH effect also was evident when acetate-mineral salts was substituted for tryptone. Table 5 897 pH 5, N8 is similar to the parent with respect to entry of these acids. As noted previously, the parent is not permeable to short-chain fatty acids at pH 7. As the result of a mutation, N, appears to have gained the ability both to effect permeation of short-chain acids at pH 7 and to activate these substrates as acyl-CoA esters. In addition, N3 is constitutive for the enzymes of ,-oxidation (13) and thus can grow at the expense of these substrates.
Effect of growth conditions on activity of the uptake system. The effect of growth conditions on the activity of the uptake system is summarized in Table 6 . Cells were grown at the expense a The parent and N3 mutant were grown on acetate, and resting-cell suspensions were prepared as described. Cells were preincubated at 37 C for 10 min in Sorensen's phosphate buffer at pH 7 or at pH 5, in the presence or absence of glucose (5 mM). "4C-butyrate or -valerate (1 mM) was added, and radioactivity taken up in I and 5 min was determined.
bExpressed as nanomoles of fatty acid taken up in the time period indicated per milligram of wet cells. The uptake system is considered constitutive in N3.
The above data are in contrast to the behavior of the D1B and D1V mutants derived from D1 (see Table 1 ). As shown in Table 7 a Cells were grown at the expense of the carbon source indicated and resting-cell suspensions were prepared. Cells were preincubated at 37 C for 10 min in mineral salts containing glucose (5 mM), 14C-butyrate or -valerate was added, and radioactivity taken up in I and 5 min was determined.
b Expressed as nanomoles of fatty acid taken up in the time period indicated per milligram of wet cells. D1V.j 4-6 .16 a Cells precultured on acetate were transferred to mineral salts containing the fatty acid (20 mM) indicated. Lag, time in hours before initiation of exponential growth; a, specific growth rate (see reference 13); 0, no significant lag; ---, no growth in 120 hr.
hr before initiating exponential growth on butyrate and valerate, respectively. D1B exhibits a long lag before growth begins at the expense of valerate. When D1B is grown first on butyrate and then is transferred to valerate, this lag is still apparent. This is not understood, because this mutant, when grown on butyrate, exhibits uptake of both the C, and C5 acids. The fact that D1V does not grow on butyrate is consistent with the uptake data.
Uptake of medium-chain fatty acids. Mediumchain fatty acids support growth of N3 and D1
but not the parent strain (see Table I ). In contrast to short-chain acids, medium-chain acids inhibit growth of the parent strain at pH 7. Degree of inhibition is greatest with C8 and C9 and least with C8 and C,1 (13) . As shown in Table 9 , the parent strain is permeable to medium chain acids at pH 7, but entry is not stimulated by preincubation of cells with glucose. Ability to penetrate the parent strain increases with chain length, hexanoate being similar to valerate. The amount of radioactivity taken up in the presence of azide also increases with chain length and reflects a progressive increase in nonspecific adsorption. As expected, in N3, uptake of mediumchain fatty acids is energy-dependent. Table 10 shows the effect of addition of various fatty acids on uptake of nonanoate by N3 and the parent. In N3, C9 uptake is stimulated by glucose but inhibited by acetate. As previously noted, acetate probably inhibits fatty acid uptake by competing for CoA. Uptake of nonanoate is weakly inhibited by butyrate but strongly inhibited by octanoate, indicating that medium-and short-chain fatty acids are taken up by different uptake systems. In the parent strain, nonanoate penetrates but does not appear to be activated as the acyl-CoA ester, and entry is not stimulated by glucose or inhibited by acetate. Penetration is, however, somewhat inhibited by octanoate though not by butyrate. VOL. 108, 1971 UPTAKE OF SHORT-CHAIN FATTY ACIDS a Cells were grown on acetate, and resting-cell suspensions were prepared. Cells were preincubated at 37 C for 10 min in mineral salts in the presence or absence of 5 mm glucose or azide, the 1-14C fatty acids indicated (I mM) were added, and radioactivity taken up in 1 min was determined.
b Expressed as nanomoles of fatty acid taken up in 1 min per mg of wet cells. 
DISCUSSION
In E. coli K-12, expression of the fl-oxidation operon is repressed during growth at the expense of acetate, but is derepressed by growth on longchain acids. It is not known whether the regulatory gene product and its interaction with longchain fatty acid inducers acts in a positive or a negative fashion in causing derepression of the operon. A single regulatory gene product appears to control the synthesis of the ,8-oxidation enzymes and of a long-chain and a medium-chain fatty acid activation system. The uptake system for short-chain fatty acids is not regulated coordinately with the #-oxidation operon but appears to be controlled by a distinct regulatory gene.
Mutants permanently derepressed for the d-oxidation operon concentrate medium-chain but not short-chain acids.
In both the parent and mutant strains, at pH 5, short-chain acids penetrate but are not metabolized and inhibit growth. Entry is not energydependent, and the substrates appear not to be activated as acyl-CoA esters. A calculation was performed to determine whether the amount of short-chain acid taken up at pH 5 could be accounted for by passive equilibration. Taking as average values 2.5 x 10-9 moles taken up per mg of wet cells and 2.5 x 10-9 cells per mg of wet weight, there are 10-18 moles of fatty acid taken up per cell. Assuming an individual cell volume of 10-12 ml, the internal concentration is 10-6 moles per ml or 1 limole per ml, which is equivalent to the initial external concentration of fatty acid. Thus, at pH 5, short-chain acids penetrate presumably as undissociated acids by diffusion.
In contrast, at pH 7, the parent strain is not permeable to butyrate and valerate. This is also the case for the D1, ,B-oxidation-constitutive mutant. The N3 mutant is able to concentrate and metabolize short-chain acids at pH 7. Mutants derived from N3 which have a lesion in the ,-oxidation pathway and do not grow at the expense of fatty acids C4 to C18 retain the ability to take up short-chain acids (13 and D1V are inducible for the uptake system and are pentenoate-resistant when grown on acetate but pentenoate-sensitive when grown at the expense of short-chain acids. We suggest as a working hypothesis that synthesis of the uptake system for short-chain acids is controlled by a regulatory gene product. It is proposed that, in the parent strain, this product does not interact with shortchain acid inducers, and synthesis of the uptake system is repressed. In the inducible D1B and D,V strains, a mutation has occurred such that a product is formed which does interact with the inducers to derepress the uptake system. In the constitutive N3 strain, a mutation has occurred such that a product is formed which does not repress synthesis of the uptake system. It must be emphasized that this is only a working hypothesis and that we have not investigated the mechanism of regulation of synthesis of the uptake system.
The mutant types also differ with respect to specificity of short-chain fatty acid uptake. N3 is constitutive for uptake of both butyrate and valerate. The fact that in N3 butyrate inhibits uptake of 14C-valerate suggests that these substrates are taken up by a system which has at least one component in common. Unsaturated C4 and C3 acids also compete with butyrate, suggesting that both unsaturated and saturated short-chain acids are taken up by this system. The 2-methyl-and 2-hydroxy-or amino-substituted C4 and C, acids are not taken up by this system. In contrast to the behavior of N3, it has been shown that D1V grows on valerate but not on butyrate. Moreover, when this mutant is grown at the expense of valerate, there is uptake of the C5 but not the C4 acid. The behavior of this mutant suggests that the uptake system has a component which exhibits specificity with respect to the Co and C, acids. D1B grows on butyrate but exhibits a long lag before growth is initiated at the expense of valerate. This is also the case when cells are grown first on butyrate and then transferred to valerate. When grown on butyrate, however, D1B exhibits uptake activity for both butyrate and valerate, and thus the long lag exhibited before growth is initiated on valerate is not caused by a deficiency in uptake. The behavior of this mutant has not been explained.
The biochemical nature of the uptake system has not been resolved. As a working hypothesis which is in accord with the data presented, it is proposed that the uptake system is a complex, the synthesis of which is controlled by a regulatory gene and which consists of two components: (i) a diffusion component and (ii) an activation component or components. The diffusion component is required for permeation of the fatty acid anion at pH 7 but not for penetration of the undissociated acid at pH 5. The activation component effects acylation of the fatty acid as the acyl-CoA ester, and energy is required for this process. During growth on short-chain fatty acids, the A-oxidation process provides energy required for uptake. The activation component(s) appear to exhibit specificity for the C4 and C5 acids, respectively. Recently, Klein et al. (6) described an uptake system for medium-and long-chain acids in E. coli K-12 strain Y mel. ,-Oxidation-constitutive mutants concentrated fatty acids C8 and higher. Hexanoate was taken up at a low rate and butyrate not at all. The ability to take up and to grow at the expense of fatty acids paralleled the in vitro specificity of the fatty acid acyl-CoA synthetase formed by this strain. The inability of mutants which lack the synthetase to take up these substrates indicates that activation is an integral part of uptake. The authors suggest the term vectoral acylation of fatty acids by analogy with vectoral phosphorylation of sugars.
The medium-chain uptake system in the K-12 strain employed here is similar to that described by Overath's group (6) except that hexanoate is taken up. The fact that N3 shows less uptake of the C. than of the C7 to C, acids correlates with the lower specific growth rate shown by ,B-oxidation-constitutive mutants on hexanoate. The medium-chain uptake system does not concentrate the C, and C5 acids. In the parent strain cultured on acetate at pH 7, medium-chain acids (C7 to C10) penetrate and inhibit growth. It is likely that under these conditions the fatty acids are not activated as the acyl-CoA ester. In N3, but not in the parent strain, incubation in the presence of glucose stimulates uptake of medium-chain acids. It has not been determined experimentally in this strain whether mediumchain and long-chain acids are concentrated by a common or by different uptake systems, but growth data (13) suggest the latter.
